ABSTRACT Background: Adolescence is a critical period for rising adiposity and falling insulin sensitivity (IS), but the independent relation between adiposity and IS remains understudied. Objective: The objective was to examine which adiposity measures are most strongly associated with IS in nondiabetic adolescents, whether sex-difference exists, and to what degree genetic or environmental factors affect the adiposity-IS relation. Design: The study included 1613 rural Chinese adolescents (888 males) aged 13-20 y from a population-based twin cohort. We used graphic plots and linear mixed models to examine the relation of anthropometric and dual-energy X-ray absorptiometry-based measures of adiposity with IS [QUantitative Insulin-sensitivity ChecK Index (QUICKI), fasting serum insulin (FSI), homeostasis model assessment of insulin resistance (HOMA-IR)] and structural equation models to estimate genetic/environmental influences on these associations. Results: In graphic analyses, participants in the highest quintile (quintile 5) of waist circumference (WC) and percentage body fat (%BF) had the lowest QUICKI and the highest FSI and HOMA-IR values for all age-sex groups. In regression models adjusted for age, Tanner stage, zygosity, and physical activity, all adiposity measures showed inverse associations with IS in both sexes, but WC explained the largest fraction of variance in IS measures (10-14%). Of the phenotypic correlations between adiposity measures and IS (20.28 to 20.38), 74-85% were attributed to shared genetic factors and 15-26% to common unique environmental factors in both sexes. Conclusions: In these relatively lean Chinese adolescents, WC and %BF (quintile 5) are the adiposity measures most consistently and strongly associated with decreased IS in both sexes. To a large degree, shared genetic factors contribute to this association. Am J Clin Nutr 2010;91:662-71.
INTRODUCTION
Over the past 2 decades, the prevalences of obesity and type 2 diabetes in adolescents have increased dramatically worldwide (1) . In the United States, the percentage of overweight adolescents has more than tripled since 1980 (2), along with type 2 diabetes (3). In China, while experiencing economic and nutritional transition, obesity in adolescents has also markedly risen since the early 1990s (4) .
Adolescence is a critical period for rising adiposity and falling insulin sensitivity (IS) (5, 6) . During puberty, a period of tumultuous metabolic changes, dramatic changes occur in body composition and fat distribution in both sexes (7) . There are also pubertal changes in IS: IS falls starting at the onset of puberty, is at a minimum at midpuberty, and returns to near prepubertal levels by the end of puberty (8) .
The rise in obesity during adolescence has implications throughout life. More than 70% of overweight adolescents remain overweight as adults (2) . Even among nonobese adolescents, those with above average body mass index (BMI at 50th-84th percentiles) are also at heightened risk of overweight as adults (9) . Obesity has serious health consequences, related in part to its being a state of chronic systemic inflammation, which is linked with insulin resistance (IR) and type 2 diabetes (10) .
In the context of the efforts to control the contemporary epidemic of obesity and associated diabetes-in which both start to rise during adolescence-a full understanding of the relation between adiposity and IS among adolescents is greatly needed. This need is further underscored by the fact that most published studies on the association between adiposity measures and IS have involved adults (and whites) (11) ; only a few studies have been conducted in children (12) and adolescents (13) .
This study filled this knowledge gap by examining adiposity-IS associations in a large cohort of Chinese adolescents. This report aimed to address the following questions: Which adiposity measures are most closely associated with IS in adolescents, and does this differ by sex? Do genetic and/or environmental factors contribute to the relation between adiposity and IS? This study is unique in the following aspects. It was conducted in primarily a healthy lean population but with considerable variation in adiposity and IR measures. The measures of adiposity were comprehensive: BMI, waist circumference (WC), percentage body fat (%BF), and percentage trunk fat (%TF). This contrasts with previous studies, in which only BMI was used to measure adiposity (13, 14) . IS was assessed by both the QUantitative Insulin-sensitivity ChecK Index (QUICKI) and IR [homeostasis model assessment of IR (HOMA-IR) and fasting serum insulin (FSI)]. Last, the twin design (as detailed in the methods) offers us the opportunity to estimate genetic and environmental contributions to associations between adiposity and IS, which have not previously been examined in adolescents and that is not possible in a general population design.
SUBJECTS AND METHODS

Study population and procedures
This study is part of an ongoing study of the metabolic syndrome in a large population-based twin cohort. The study protocol was approved by the Institutional Review Boards of Children's Memorial Hospital and the Institute of Biomedicine, Anhui Medical University, Hefei, China.
The baseline study was carried out in 8 counties of the Anqing region, Anhui Province, China in 1998-2000, and the follow-up study has been conducted since 2005. This report used the data from twins aged 20 y obtained at the follow-up survey. For the baseline study, as detailed elsewhere (15) , the twins recruited were !6 y of age and both twins were available and consented to the study. For the follow-up study, twins were eligible if both twins participated in the baseline survey and both twins agreed and consented to participate in the follow-up. Participants were invited to a central office and stayed overnight to complete a questionnaire interview, an oral-glucose-tolerance test, a physical examination, and dual-energy X-ray absorptiometry (DXA) scan. Physical examinations were conducted by study physicians with specific training for the study. Tanner Stages (I-V) were assessed by the study physician on the basis of visual inspection of pubic hair, genitals (boys), and breasts (girls) (15) .
Insulin sensitivity assessments and laboratory measurements
A standard oral-glucose-tolerance test (1.75 g/kg or a maximum of 75 g glucose) was performed after a fast of !10 h. Blood samples were obtained 0 and 120 min after glucose administration to measure plasma glucose and serum insulin. Glucose was measured by using a modified hexokinase enzymatic method (Hitachi 7020 Automatic Analyzer; Hitachi, Tokyo, Japan). Standard quality control procedures were performed each day with standard samples that came with the reagents (CV , 8%). Serum insulin was measured by electrochemiluminescence (ECL) on an Elecsys 2010 system (Roche, Basel, Switzerland). Duplicate analyses were also conducted daily by using samples collected from study participants (CV , 10%; mean = 3%). QUICKI was used to measure IS (a lower QUICK1 suggests lower IS): QUICKI ¼ 1=½logðfasting serum insulin ðFSIÞ; lU=mLÞ þ logðfasting plasma glucose ðFPGÞ; mg=dLÞ ð1Þ
HOMA-IR (higher values suggest lower IS) and FSI were used as markers of IR:
QUICKI ranged from 0.1209 to 0.2399, and HOMA-IR ranged from 0.16 to 9.68 in this sample.
Zygosity ascertainment
Zygosity was determined by microsatellite probes, or DNA fingerprinting techniques, which has an accuracy rate .99% (16) .
Anthropometric and DXA measures of adiposity
Body weight and height were measured by using standard protocols while the subjects were without shoes or outerwear, as detailed elsewhere (16) . WC was measured at the level of the umbilicus. BMI was calculated as weight (kg)/height 2 (m). A standard whole-body scan was performed by DXA (GE-Lunar Prodigy, Madison, WI) to measure total BF and TF (chest, abdomen, and pelvis) (16) . %BF was calculated as (total BF/body weight) · 100, and %TF was calculated as (TF/total BF) · 100.
Physical activity
Physical activity was assessed by using the short version of the international physical activity questionnaire (IPAQ-Short; http:// www.ipaq.ki.se), as detailed elsewhere (17) . The IPAQ generates a categorical indicator (low, moderate, and high) of regular physical activity.
Statistical analyses
General adiposity was assessed on the basis of BMI and %BF, and central adiposity was assessed on the basis of WC and %TF. IS was estimated on the basis of QUICKI; IR measures included HOMA-IR and FSI. Because the distribution of HOMA-IR and FSI was positively skewed, natural log-transformed values were used for subsequent analyses.
Locally weighted nonparametric smoothing plots (SAS LOESS; SAS Institute, Cary, NC) were used to graphically examine the relation of each adiposity measure (BMI, %BF, WC, and %TF) and each IS-related measure (QUICKI, HOMA-IR, and FSI). Adiposity measures were grouped into sex-and agespecific quintiles (Q1-Q5) for each year of age. Stratified by adiposity quintiles, QUICKI, HOMA-IR, and FSI were plotted against age, separately for males and females.
To investigate the associations of each adiposity measure with each IS measure, we applied sex-specific linear mixed models (residual maximum likelihood estimation; REML), adjusted for year of age (13 y is the reference group and 14, 15, 16, 17, 18, 19 , and 20 y are the 7 indicator variables), Tanner Stage (1 is the reference and 2, 3, 4, and 5 are the 4 indicator variables in males; 1-2 is the reference and 3, 4, and 5 are the 3 indicator variables in females; Tanner stages 1 and 2 were combined because of the small sample size), zygosity [monozygotic (MZ) and dizygotic (DZ)], and physical activity (low, moderate, and high). The first quintile (Q1, the lowest quintile) of each adiposity measure was used as the reference group.
Similar linear mixed models were conducted with all adiposity measures treated as continuous variables to estimate the association of a 1-SD increase in each adiposity measurement (or 1-unit increase in z score) with IS. The adiposity measures were expressed as age-and sex-specific z scores, calculated as an observed value minus the mean value, divided by SD (within each year of age and sex stratum).
Because previous study in adult twins reported the effect of zygosity status on adiposity and metabolic disorders (18), we also stratified our analysis by zygosity to examine whether the relation between measures of adiposity and IS differed between MZ and DZ twins. Also, we tested the interactions between zygosity and each of the adiposity measures [zygosity adiposity-quintiles (or z score)] on the IS measures. Because the adiposity-IS associations in MZ twins were similar to those in DZ twins and the interaction terms were not statistically significant, we included zygosity in the final model as a covariate (as seen in the above linear mixed models).
To examine which adiposity measures provide the best prediction of IS, partial R 2 was calculated for the various adiposity measures, based on maximum likelihood (ML) estimation to examine model fitting and assess the proportion of the variance in each IS outcome explained by each or combinations of adiposity measures (19) :
where log L M is the log-likelihood of each model (IS measure = adiposity measures + covariates), log L N is the log-likelihood of the same model but without adiposity variables (IS measure = all covariates other than adiposity measures), and n is the number of observations. The SAS procedure MIXED was used, with the family effect treated as a random variable. All analyses were performed with SAS 9.1 software (SAS Institute Inc). Finally, taking advantage of our twin cohort, we examined the relative contributions of genetic and environmental influences on the observed associations between adiposity and IS using structural equation modeling (20) . Twin data, in which MZ twins are genetically identical and DZ twins are genetically related as siblings, provide information to help distinguish genetic from environmental factors. We first fitted a saturated model (ACE model) that allowed for additive genetic (A), common/familial environmental (C), and unique environmental (E) components for each adiposity and IS measure. We also fitted alternative models for which A, C, or E was equated to zero, ie, CE, AE, and AC models, respectively. Chi-square and Akaike Information Criterion (AIC) were used for comparison of goodness of fit of the models. We presented the estimates from the best-fitted models, which had the lowest AIC and did not have a significantly worse fit compared with the saturated model (ie, chi-square test P value . 0.05). Then, we fitted the bivariate Cholesky decomposition models to calculate genetic (r G ), common (r C ), and unique environmental correlations (r E ) between IR and adiposity measures and 95% CIs. All variance components were estimated with inclusion of age, Tanner Stage, and physical activity as covariates in the models. Mx software (http:/www.psy.vu.nl/ mxbib/) was used for the twin analysis.
RESULTS
Sample selection
Of a total of 1656 eligible participants, 43 were excluded: 15 because of missing DXA adiposity data, 2 because of missing BMI data, 21 because of missing FPG or serum insulin data, and 5 because of diabetes (FPG ! 7.0 mmol/L and/or a 2-h postload glucose concentration !11.1 mmol/L). This report includes the remaining 1613 nondiabetic subjects aged 13-20 y. The mean (6SD) age of the subjects was 16.6 6 2.0 y for males (n = 888) and 16.7 6 2.0 y for females (n = 725).
Anthropometric measures and maturity
The subjects were relatively short and lean. Mean height was near the 5th percentile of height-for-age on World Health Organization (WHO) charts for both sexes (see online Figure 1 under "Supplemental data" in the online issue) (21) . The subjects' age and mean BMI were at the 25th250th percentile BMI-for-age of WHO child growth standards (21) in females and near the 25th percentile in males (see online Figure 1 under "Supplemental data" in the online issue); 2.1% of the males and 2.6% of the females were overweight (14 males and 15 females) or obese (2 males and 1 female) in those aged 19 y (228 mo old; 763 males and 610 females), based on 2007 WHO sex-specific BMI-for-age criterion for children aged 19 y old (overweight: . +1 SD, equivalent to a BMI of 25 at 19 y; obesity: . +2 SD, equivalent to a BMI of 30 at 19 y) (21) . The median Tanner Stage increased with age in both sexes ( Table 1) .
Distribution of adiposity and IS measures
Of 1437 participants in whom zygosity was determined, 407 pairs (male/male 212, female/female 195) were MZ and 300 pairs (male/male 132, female/female 84, and male/female 84) were DZ. The mean (6 SD) adiposity measures (BMI, WC, %BF, and %TF), IS-related measures (QUICKI, HOMA-IR, and FSI), and measures of plasma glucose (FPG and 2-h postload glucose concentration) by zygosity, age, and sex are shown in Table 1 . Overall, there were no differences between MZ and DZ twins in these measurements for most age-sex subgroups (P . 0.05), with only a few exception. For example, in males, the mean % BF in MZ twins was 2.1% higher than that in DZ twins at age 16 y (P = 0.045).
Relations between adiposity measures (%BF, BMI, WC, and %TF) and IS
Graphic analysis
Levels of QUICKI by age, stratified by age-and sex-specific quintiles for each adiposity measure, are shown in Figure 1 ; those for FSI and HOMA-IR are available elsewhere (see online Figures 2 and 3 , respectively, under "Supplemental data" in the online issue). A general pattern emerged from these plots: subjects in the highest quintile (Q5) of adiposity measures had the lowest level of QUICKI (Figure 1) , the highest FSI levels (see online Figure 2 under "Supplemental data" in the online issue), and the highest HOMA-IR levels (see online Figure 3 under "Supplemental data" in the online issue) in most age-sex subgroups. These patterns were most evident for WC, %BF, and BMI.
Linear mixed modeling
After adjustment for age, Tanner stage, zygosity, and physical activity, linear mixed models confirmed that all measures of adiposity were associated with reduced IS in both sexes, and this was true when adiposity was analyzed categorically and when it was analyzed continuously. The analyses for QUICKI and log (FSI) are shown in Table 2 (categorical) and Table 3 (continuous). For example, in males, relative to Q1 WC, Q5 WC was associated with a 0.0123 lower QUICKI (P for trend ,0.0001) ( Table 2) , and a 1-SD increase in WC was associated with a 0.0044 lower QUICKI (Table 3 ) (P , 0.0001). For other measures of adiposity, IS was lower for Q2-Q5 than for Q1 in females; but an association with reduced IS was seen only for Q4-Q5 %BF and Q4-Q5 %TF in males ( Table 2 ). The associations between each adiposity measure and HOMA-IR were similar to those for log (FSI) levels in both sexes (see online Table 1 under "Supplemental data" in the online issue).
Further analyses focused on WC, %BF, and BMI as measures of adiposity. As shown in Table 3 , the proportion of the variance in IS (QUICKI or FSI) explained by adiposity varied slightly by each adiposity measure (7-14%). For WC, partial R 2 ranged from a low of 0.100 for QUICKI in females to a high of 0.142 for FSI in males. For %BF, the range was 0.070-0.108; for BMI, the range was 0.084-0.126. When 2 factor measures (general and central adiposity) were examined (WC and %BF; WC and BMI), the R 2 estimates did not change appreciably from those for single factor measures. (1, 2, 3, 4 , and 5 for males; 1-2, 3, 4, and 5 for females), age (13, 14, 15, 16, 17, 18, 19 , and 20 y), zygosity (monozygosity or dizygosity), and physical activity (low, moderate, and high). Partial
, where log L M is the log-likelihood of the model of interest (which includes fixed and random effects and a correlated error structure): insulin sensitivity measure = each adiposity quintiles + covariates; log L N is the log-likelihood of the model: insulin sensitivity measure = all covariates other than adiposity measures; and n is the number of observations.
Genetic and environmental contributions to the adiposity-IR associations
We examined the relative contribution of genetic and environmental influences on the associations between adiposity measures (BMI, %BF, and WC) and IS in adolescents. The following analysis included only paired same-sex twins.
IS, BMI, %BF, and WC were all traits influenced by genetic factors in both sexes. This was reflected by a higher intrapair correlation (which measures the within-pair similarity of the traits) in MZ twins than in DZ twins ( Table 4) . After adjustment for age, Tanner stage, and physical activity, the estimates of heritability (the ratio of genetic variance to the total phenotypic variance) for IS measures (QUICKI, HOMA-IR, and FSI) ranged from 50% to 58% in both sexes. For adiposity measures, heritability estimates ranged from 48% for BMI in females to 87% for %BF in males (Table 4 ; see online Table 2 under "Supplemental data" in the online issue).
The magnitude of cross-twin cross-trait correlations (r) between z score of IS and z scores of each adiposity measure in MZ was much higher than in DZ twins. Cross-twin cross-trait correlations were statistically significant for MZ (BMI, %BF, and WC: r As shown in Figure 2 , in this sample, a common set of genetic and unique environmental factors contributed to the observed inverse associations of IS compared with BMI, WC, and %BF. Bivariate Cholesky decomposition models showed that each adiposity measure and QUICKI were moderately correlated genetically (r G = slightly ,0.5 in males and '0.4 in females), which indicated that these paired traits share some common genetic factors. The corresponding environmental correlations (r E ) were ' 20.2 to 20.3 in both sexes. None of the 95% CIs for r G and r E was across zero. Seventy-four to 85% of the total phenotypic correlations between each adiposity measure and IS (r TP = 20.28 to 20.38) is determined by common genes [C GCP (genetic contribution to the correlation between two phenotypes) = 20.22 to 20.30], whereas the remaining 15-26% is due to common unique environmental factors [G UCP (unique environmental contribution to the correlation between two phenotypes) = 20.05 to 20.10] in both sexes. For example, in males, of the phenotypic correlation between WC and IS (20.38), 74% (= 0.28/0.38) is due to genetic factors.
DISCUSSION
Main findings in this study and findings in the previous literature
Our study provides new information on how adiposity and IS are related in the relatively lean adolescent sample (98% with normal weight) examined. Notably, we found an inverse relation between adiposity measurements and IS, independent of age, Tanner stage, zygosity, and physical activity. The relation was most consistent for Q5 WC (a measure of central adiposity) and for Q5 %BF (a measure of total body adiposity). Our data suggest that these measures should be used in future research concerning adolescent adiposity-IS relations. A unique feature of this study was that it showed an inverse adiposity-IS relation in relatively lean Chinese adolescents, which complements and extends the findings from previous studies in mostly overweight, adult, white populations.
There have been few large-scale epidemiologic studies of the association between adiposity and IS in adolescents. Studies in the 1 Sample size varies from 785 to 649 for males and from 652 to 640 for females because of missing data for Tanner stage. WC, waist circumference; %BF, percentage body fat. All regression models were adjusted for Tanner stage (1, 2, 3, 4 , and 5 for males; 1-2, 3, 4, and 5 for females), age (13, 14, 15, 16, 17, 18, 19 , and 20 y), zygosity (monozygosity or dizygosity), and physical activity (low, moderate, and high). Partial
, where Log L M is the log-likelihood of the model of interest (which includes fixed and random effects and a correlated error structure): insulin sensitivity measure = z score of each adiposity + covariates; log L N is the log-likelihood of the model: insulin sensitivity measure = all covariates other than adiposity measures; n is the number of observations. z Scores were age-and sex-specific for each adiposity measure.
2 P , 0.0001. 3 P , 0.05. 4 P , 0.01. 5 P , 0.001.
United States (using BMI and FSI) (14) and in Hong Kong (using BMI and HOMA-IR) (13) have shown falling IS with rising adiposity. Our findings confirm those findings and show that they remained after adjustment for age, Tanner stage, zygosity, and physical activity. Our study used comprehensive measures of adiposity and IS to expands an understanding of the manifestation of this relation. Our finding that Q5 WC and %BF are most consistently and strongly related to IS is consistent with the findings of some previous small studies (22) (23) (24) . This reinforces the importance of measuring these variables in future studies in this field. This study also provided new information on the influence of genetic and environmental factors on adiposity, IS, and the inverse adiposity-IS association. The heritability of adiposity measures and IS measures was near to or .50%; 74-85% of the total phenotypic correlation between each adiposity measure and IS was due to genetic factors in both sexes. Thus, there is a strong genetic influence on adiposity and IS separately and also on the adiposity-IS correlation. At the same time, environmental factors also contribute, particularly related to adiposity and IS separately.
Previous studies have shown that the relation between BF/fat distribution and IS involves both shared genetic and common environmental factors in adults (11, 25, 26) . Our estimated heritabilities were within the range observed in those previous studies. Our findings expanded our knowledge on the genetic and environmental contribution to adiposity-IS associations during adolescence, a critical time period for the development of type 2 diabetes and cardiovascular disease risk factors.
Study strengths and limitations
This study had several strengths. First, the data came from a population-based twin cohort with accurate ascertainment of zygosity. Second, DXA-based adiposity measures were included. In addition, standard oral-glucose-tolerance tests were performed in this study, so that it was possible to ensure that only nondiabetic participants were included. Study participants were healthy rural Chinese adolescents and young adults, which prevented some confounders such as medication use, widespread Western dietary intake, and sedentary lifestyles.
Our study also had several limitations. First, the cross-sectional design limits any temporal inference or cause-effect conclusion. Second, birth weight was not included in the final modeling. Previous studies suggest that MZ twins are exposed to a more adverse intrauterine environment than are DZ twins, and birth weight has a potential influence on adult adiposity and IS levels (27) . However, of 500 participants who reported birth weight in the present study, no birth weight differences (mean 6 SD) were observed between MZ and DZ twins in males (2731 6 689 g compared with 2784 6 636 g) or in females (2658 6 562 g compared with 2678 6 663 g). In addition, no associations were found between birth weight and adiposity measures or IS measures after adjustment for age, Tanner stage, and physical activity in both sexes, except for %TF in males (b = 21.54 per kg birth weight, SE = 0.68, P = 0.023). Thus, birth weight was less likely to confound our findings on the adiposity-IR association in this study sample. Third, because our rural Chinese sample was relatively short and lean, caution is needed when generalizing our 2 Chi-square and AIC were used to compare the goodness-of-fit of the models (AE and CE models) with the saturated fat model (ACE model). Only the estimates from the best-fit models are presented.
3 Natural log transformed.
findings to other populations. Finally, although the twin analyses presented provide evidence of the contribution of genetics and environment to the adiposity-IS association, it did not identify specific genes or address associated mechanisms.
Summary and future research needs
In this sample of relatively lean, healthy, rural Chinese adolescents, we observed an inverse association between adiposity and IS. WC and %BF are the adiposity measures most consistently and strongly associated with decreased IS in both sex.
Although the inverse associations between adiposity measures and IS are clear, the R 2 values of the models were relatively low, ,21% after accounting for the major determinants of IR, including adiposity, Tanner Stage, age, sex, zygosity, and physical activity. Thus, other factors influencing IS are yet to be identified. Of the phenotypic correlations between adiposity measures and IS, 74-85% were attributed to shared genetic factors, whereas 15-26% were attributed to common unique environmental factors in both sexes. Although our data underscore the importance of genetic influences, further studies are needed to determine specific genes or gene-environmental interactions that FIGURE 2. Estimates of genetic (r G ) and environmental (r E ) correlations between adiposity measures [BMI, percentage body fat (%BF), and waist circumference (WC)] and insulin sensitivity [IS, estimated by QUantitative Insulin-sensitivity ChecK Index (QUICKI)] in males and females. Age, Tanner stage, and physical activity were adjusted as covariates in all bivariate structural equation modeling. r G , genetic correlation between 2 phenotypes; r C , common environmental correlation; r E , unique environmental correlation between 2 phenotypes; C GCP , C CCP , and C UCP , genetic, common environmental, and unique environmental contribution to the correlation between 2 phenotypes, respectively; r TP , phenotype correlation between IS and adiposity measures. C GCP ¼ r G Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
. The genetic (A), common environment (C), and individual specific environment (E) components for each phenotype were similar to those from univariate genetic models, but they were not identical because bivariate analysis included covariance between the 2 variables examined.
are important for adiposity, IR, and their phenotypic correlation. This study was cross-sectional in nature. Continued follow-up of this cohort would provide more insight into the temporal relation between adiposity and IR and the complex interplay of environmental and genetic determinants. This is especially important because China is undergoing a rapid economic and nutritional transition.
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